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Retinitis pigmentosa comprises a group of inherited retinal photore-
ceptordegenerations that lead to progressive loss of vision. Although
in most cases rods, but not cones, harbor the deleterious gene muta-
tions, cones do die in this disease, usually after the main phase of rod
cell loss. Rod photoreceptor death is characterized by apoptotic fea-
tures. In contrast, the mechanisms and features of subsequent non-
autonomous cone cell death remain largely unknown. In this study,
we show that receptor-interacting protein (RIP) kinase mediates ne-
crotic cone cell death in rd10 mice, a mouse model of retinitis pigmen-
tosa caused by a mutation in a rod-speciﬁc gene. The expression of
RIP3, a key regulator of programmed necrosis, was elevated in rd10
mouse retinas in the phase of cone but not rod degeneration. Al-
though rd10 mice lacking Rip3 developed comparable rod degenera-
tion to control rd10 mice, they displayed a signiﬁcant preservation of
cone cells. Ultrastructural analysis of rd10mouseretinas revealedthat
a substantial fraction of dying cones exhibited necrotic morphology,
w h i c hw a sr e s c u e db yRip3 deﬁciency. Additionally, pharmacologic
treatment with a RIP kinase inhibitor attenuated histological and
functional deﬁcits of cones in rd10 mice. Thus, necrotic mechanisms
involving RIP kinase are crucial in cone cell death in inherited retinal
degeneration, suggesting the RIP kinase pathway as a potential tar-
get to protect cone-mediated central and peripheral vision loss in
patients with retinitis pigementosa.
apoptosis | neurodegeneration | neuroprotection | oxidation |
inﬂammation
R
etinitis pigmentosa (RP) refers to a group of inherited retinal
degenerations that affect over one million individuals glob-
ally (1). Although vitamin A supplementation and an ω-3 rich
diet has been shown to slow down the visual decline in some
patients (2), they do not stop the disease progression and irre-
versible vision loss still ensues for many patients. Vision loss in
RP results from photoreceptor cell death and typically begins
with loss of night vision (because of rod dysfunction and death),
followed by loss of peripheral and central vision because of loss
of cones. This cone-mediated dysfunction is the most debilitating
aspect of the disease for patients. Molecular genetic studies have
identiﬁed mutations in more than 50 genes, most expressed ex-
clusively in rod photoreceptors, which are associated with RP.
Although rods that harbor the deleterious gene mutations are
expected to die, it is still a puzzle why and how cones—that do
not harbor deleterious gene mutations—do die subsequent to
the rod degeneration phase.
Apoptosis and necrosis are two distinct modes of cell death
deﬁned by morphological appearance (3). Apoptosis is the best-
characterized type of programmed cell death, and the caspase
family proteases play a central role in the induction of this pro-
cess (4). Necrosis, which was traditionally thought to be an un-
controlled process of cell death, is now known to also have a
regulated component in some instances (5, 6). Two members of
the receptor-interacting protein (RIP) kinase family proteins,
RIP1 and RIP3, have been identiﬁed as critical mediators of
programmed necrosis (7). RIP1 is a multifunctional death-domain
adaptor protein that mediates both apoptosis and necrosis. RIP1
induces apoptosis when recruited to the protein complex con-
taining Fas-associated death domain and caspase-8 (8, 9). When
caspases are either inhibited or not activated, RIP1 binds with
RIP3 to form a pronecrotic complex, which is stabilized by
phosphorylation of their serine/threonine kinase domains (10–
12). RIP kinase-dependent necrosis has been implicated in var-
ious forms of developmental and pathological cell death (13–18).
However, studies on RIP kinase in the central nervous system
have been restricted to acute models of neuronal demise (19–
21), and its roles in neurodegenerative diseases caused by genetic
mutations remain largely unexplored.
In animal models of RP, rod cell death has been shown to
occur through apoptosis (22). However, attempts to inhibit cas-
pases by pharmacologic or genetic interventions have failed to
show effective protection against rod cell apoptosis (23, 24).
Recent studies have demonstrated that caspase-independent
molecules, such as calpains and poly(ADP ribose) polymerases,
which mediate not only apoptosis but also necrosis, are activated
during rod cell death (25, 26). The mechanisms of cone cell
death in RP are less well characterized. Although loss of rod-
derived trophic factors (27), oxidative stress (28), and nutrient
starvation (29) are shown to contribute to the cone degeneration,
little is known about the cell death types and molecules that
mediate cone cell death.
The present study investigates a possible role for RIP kinase
and necrosis in rd10 mice, a model of RP caused by a mutation in
the rod-speciﬁc gene that encodes rod cGMP phosphodiesterase
β-subunit (Pde6β) (30). The data identify RIP kinase-mediated
necrosis as a mechanism of cone cell death in rod-initiated ret-
inal degeneration and as a potential therapeutic target.
Results
Increased RIP3 and RIP1 Expression in the Late Phase of Retinal
Degeneration in Rd10 Mice. RIP3 is a key regulator of RIP1 kinase
activation (7), and its expression level correlates with the re-
sponsiveness to programmed necrosis (11). We ﬁrst investigated
the changes in RIP3 and RIP1 expression in the retinas of rd10
mice, an animal model of RP caused by a missense mutation in
exon 13 of the rod-speciﬁc Pde6β gene (30). Mutations in this
gene have been found in patients with autosomal recessive RP
(31). Rd10 mice develop progressive rod degeneration beginning
around postnatal day 18 (P18); only one to three rows of
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Sphotoreceptors remain at P28, and cone degeneration follows
(32). Therefore, we chose P21 and P28 as time points for rod cell
death, and P35, P42, and P56 as time points for cone cell death in
the following experiments. Quantitative real-time PCR showed
that RIP3 mRNA expression levels did not change at P21, but
increased fourfold at P35 in rd10 mouse retinas compared with
those of age-matched WT controls (P < 0.01) (Fig. 1A). RIP1
expression was also elevated threefold in the retinas of P35 rd10
mice (P < 0.01) (Fig. 1B). Western blot conﬁrmed that RIP3 and
RIP1 protein expression increased in P35 rd10 mouse retinas
compared with that in WT retinas (P < 0.05) (Fig. 1C). These data
suggest that the RIP kinase pathway may be activated during
retinal degeneration of rd10 mice, especially in the late phase of
photoreceptor cell death.
RIP Kinase Has a Minor Role in Rod Degeneration of Rd10 Mice. To
assess the function of RIP kinase in inherited retinal de-
generation, we crossed rd10 mice with Rip3 knockout mice (33)
to generate rd10;Rip3
−/− mice. We ﬁrst examined the rod cell
death kinetics in these animals. TUNEL staining showed that the
number of TUNEL-positive cells in the outer nuclear layer
(ONL) did not change in rd10;Rip3
−/− mice compared with
control rd10;Rip3
+/+ mice at P21 (Fig. 2 A and B). To evaluate
the photoreceptor cell loss, we measured ONL thickness at six
points along the horizontal meridian of the eye. There was no
signiﬁcant difference in ONL thickness between rd10;Rip3
−/−
and rd10;Rip3
+/+ mice at P21 (Fig. 2C). The ONL was reduced to
one to three rows of photoreceptor nuclei in both genotypes at
P28 (Fig. 2 D and E). These results indicate that inhibition of
RIP kinase alone is not sufﬁcient to prevent rod cell loss in rd10
mice. Because RIP kinase and caspase function redundantly to
induce cell death in several conditions (34), we next examined
whether combined targeting of RIP kinase and caspase protects
rod photoreceptors against cell death in rd10 mice. To address
this question, we treated rd10;Rip3
−/− mice with the pan-caspase
inhibitor IDN-6556 (10 mg·kg·d) using an osmotic pump from
P21 to P28. However, the pan-caspase inhibitor provided no
protective effect against rod cell loss in rd10;Rip3
−/− mice com-
pared with vehicle treatment at P28 (Fig. S1 A and B). Corre-
spondingly, combined treatments with the pan-caspase inhibitor
and the RIP1 kinase inhibitor necrostatin-1 (Nec-1) (15 mg·kg·d)
(35) did not prevent rod cell loss in rd10 mice (Fig. S1 C and D).
Rod Photoreceptor Cell Death in Rd10 Mice Is Mainly Caused by
Apoptosis. Although TUNEL staining was initially thought to
detect apoptotic cells speciﬁcally, several studies have demon-
strated that TUNEL also labels DNA breaks in necrotic cells (36,
37). Therefore, it is difﬁcult to discriminate between apoptosis
and necrosis by TUNEL assay alone. To analyze further the types
of rod cell death, we investigated the morphology of photo-
receptors by transmission electron microscopy (TEM). Consistent
with previous studies showing apoptosis in animal models of RP
(22, 38), most of the dying rod photoreceptors were associated
with apoptotic morphology, such as nuclear condensation and
cellular shrinkage in P21 rd10 mouse retinas (Fig. 3 A and F).
Necrotic photoreceptor cell death was rarely observed at this
time point (Fig. 3 B and F). The mitochondrial structure of the
inner segment of photoreceptors was well preserved (Fig. 3C).
There was no signiﬁcant morphological difference of rod cell
death between rd10;Rip3
−/− and rd10;Rip3
+/+ mice (Fig. 3 D–F).
Collectively, these ﬁndings support that the RIP kinase pathway
is not important for apoptotic rod cell death in rd10 mice.
RIP Kinase Deﬁciency Rescues Cone Photoreceptor Cell Death in Rd10
Mice. We next evaluated the role of RIP kinase in cone de-
generation of rd10 mice. TUNEL staining in P35 rd10 mouse
retinas showed that the appearance of TUNEL-positive photore-
ceptor nuclei was signiﬁcantly decreased by Rip3 deﬁciency (P =
0.0062)(Fig.4AandB).Toassesstheconecellloss,weperformed
whole-mount immunoﬂuorescence for peanut agglutinin lectin
(PNA), which selectively binds to cone inner and outer segments
(39). At P21, the cone cell density of rd10 mice was comparable to
that of WT mice, although the length of inner and outer segments
was relatively shortened in rd10 mice (Fig. S2). No difference in
cone cell density was observed by Rip3 deﬁciency at P21 (Fig. S2).
Thereafter, the cones in rd10 micewere graduallylostby P42, with
a further decrease between P42 and P56 (Fig. 4 C–F). In contrast,
rd10;Rip3
−/− mice retained substantially more cones at both P42
and P56, compared with the age-matched rd10;Rip3
+/+ mice (P <
0.01) (Fig. 4 C–F). We also assessed the effect of Rip3 deﬁciency
on cone function by measuring photopic electroretinogram
(ERG).Theb-waveamplitudeintheeyesofrd10;Rip3
−/−micewas
signiﬁcantly higher than those of rd10;Rip3
+/+ mice (P = 0.0022)
(Fig. 4 G and H). Thus, Rip3 deﬁciency provides histological and
functional rescue of cone photoreceptors in rd10 mice.
Consistent with the data from genetic Rip3 ablation, phar-
macologic treatment with a systemic and continuous delivery of
Nec-1 retained a twofold higher number of cone cells in rd10
mice compared with treatment with vehicle (P = 0.0105) (Fig. 5
A and B). In addition, Nec-1 treatment partially prevented the
reduction in photopic b-wave amplitude in rd10 mice compared
with vehicle treatment (P = 0.0494) (Fig. 5 C and D). Collec-
tively, these data indicate that RIP kinase plays an important
role in cone cell death in rd10 mice.
Cone Photoreceptor Cell Death in Rd10 Mice Is Associated with
Necrotic Features. We further analyzed the morphological changes
during cone degeneration by TEM. In P35 rd10 mice, the photo-
receptors, which were predominantly composed of cones, showed
cellular swelling in the inner segments (Fig. 6A). The ONL con-
tained not only apoptotic nuclei, but also necrotic cells accompa-
nied by cytoplasmic swelling and plasma membrane rupture (Fig. 6
Fig. 1. Increased RIP3 and RIP1 expression in the late phase of retinal de-
generation in rd10 mice. (A and B) Quantitative real-time PCR analysis for
RIP3 (A) and RIP1 (B) in WT and rd10 retinas at P21 and P35 (n = 5–7 each).
**P < 0.01. (C) Western blot analysis for RIP3 and RIP1 at P21 and P35 of WT
and rd10 retinas (n = 4 each). Levels normalized to β-tubulin. For RIP3
analysis, spleen samples from WT and Rip3
−/− animals were used as positive
and negative controls, respectively. The bar graphs indicate the relative level
of RIP3 and RIP1 to β-tubulin by densitometric analysis. *P < 0.05.
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associated with swelling and membrane rupture, which are char-
acteristics of necrosis (Fig. 6C). In contrast, the number of necrotic
photoreceptors was signiﬁcantly decreased in rd10;Rip3
−/− mice
(P<0.05) (Fig.6 D–G).Theseﬁndingsdemonstratethatnecrosisis
involvedinconedegeneration,andthatRIPkinaseiscriticalforthe
necrotic cone cell death in rd10 mice.
RIP Kinase Deﬁciency Reduces Oxidative Stress in Rd10 Mice. Oxi-
dative damage has been implicated in cone cell death in animal
models of RP, including rd10 mice (40). Because RIP kinase
promotes necrosis via reactive oxygen species (ROS) over-
production in several types of cells (10, 13, 41), we next examined
the effect of RIP kinase deﬁciency on oxidative damage during
retinal degeneration. Carbonyl formation is the most common
products of protein oxidation. The retinal oxidative damage, as
measured by ELISA for carbonyl content of proteins, was pre-
viously shown to increase in the period of cone degeneration in
rd10 mice (40). Consistent with this report, we found that the
retinas of P35 rd10 mice contained higher levels of carbonyl
contents compared with WT retinas (Fig. S3). In contrast, Rip3
deﬁciency signiﬁcantly suppressed the increase of carbonyl con-
tents in rd10 mice (Fig. S3). These data demonstrate that RIP
kinase regulates retinal oxidative damage in rd10 mice.
Microglial Activation During Rod and Cone Cell Death in Rd10 Mice.
Dying cells, either through apoptosis or necrosis, expose and
release several molecules that attract inﬂammatory cells (42). To
assess the inﬂammatory response during rod and cone cell
death in rd10 mice, we performed immunoﬂuorescence for the
microglial marker Iba-1. Retinal ﬂat mounts of WT and Rip3
−/−
mouse retinas showed similar density of ramiﬁed microglial cells
in the outer plexiform layer (Fig. 7 A–C). In P25 rd10 mouse
retinas, activated amoeboid microglial cells with retracted pro-
cesses and rounded cell bodies were substantially increased
around the ONL, without any difference in the presence or ab-
sence of RIP3 (Fig. 7 D–F). Increased microglial inﬁltration was
sustained at P42 and P56 rd10 retinas, although the amoeboid
microglia was relatively decreased (Fig. 7 G and J). In contrast,
rd10 mouse retinas lacking RIP3 showed signiﬁcantly less
microglial inﬁltration compared with control rd10 mouse retinas
at both P42 and P56 (P = 0.0374 each) (Fig. 7 H, I, K, and L).
The microglial activation in rd10;Rip3
+/+ and Rip3
−/− mouse
retinas correlated well with the kinetics of rod and cone cell
death in these animals. These ﬁndings suggest that RIP3 may not
be essential for initiation of inﬂammation but it is required for
maintenance of inﬂammation in rd10 mice.
Discussion
In RP, most gene mutations identiﬁed are expressed exclusively in
rod photoreceptors, yet cones that do not harbor gene abnor-
malities also die subsequent to the rod cell loss. Although rod cell
death is caused by the deleterious gene mutations, it is puzzling
why and how cones die in these diseases. Rod cell death in
inherited retinal degeneration has been shown to occur through
apoptosis (22, 38). In contrast, the mode of cone cell death has
been relatively unexplored. In the present study, we showed that
although rods die with apoptotic morphology, cone cell death is
associated with necrotic features in rd10 mice. Interestingly, in RP
patient eyes with extensive rod degeneration, histological studies
demonstrated that the remaining cones had swollen inner seg-
ments,vacuolatedcytoplasm, and disruption ofplasmamembrane
consistent with necrosis (43, 44). These morphological changes of
cone photoreceptors were shown to be comparable in RP patients
with different genetic mutations (45). Therefore, this ﬁnding
implies that necrosis-mediating signaling may be the common
mechanism underlying cone degeneration of RP. More impor-
tantly, we showed that genetic or pharmacologic inhibition of RIP
kinase does not affect rod degeneration, but decreases necrotic
Fig. 2. Rip3 deﬁciency does not prevent rod pho-
toreceptor degeneration in rd10 mice. (A) TUNEL
(green) and DAPI (blue) staining at P21 of rd10;Rip3
+/+
and rd10;Rip3
−/− mice. GCL, ganglion cell layer; INL,
inner nuclear layer; ONL, outer nuclear layer. (Scale
bar, 50 μm.) (B and C) Quantiﬁcation of TUNEL-
positive photoreceptors (B) and ONL thickness (C)a t
P21 of rd10;Rip3
+/+ and rd10;Rip3
−/− mice (n = 6
each). NS, not signiﬁcant. T3–T1: retinal thickness at
1,200 μm, 800 μm, and 400 μm from the optic nerve
in the temporal hemisphere. N1–N3: retinal thick-
ness at 400 μm, 800 μm, and 1,200 μm from the optic
nerve in the nasal hemisphere. There was no signiﬁ-
cant difference in either TUNEL-positive cells or ONL
thickness between rd10;Rip3
+/+ and rd10;Rip3
−/−
mice. (D and E) Retinal histology (D) and quantiﬁca-
tion of ONL thickness (E)a tP 2 8o frd10; Rip3
+/+ and
rd10; Rip3
−/− mice (n = 6e a c h ) .( S c a l eb a r ,5 0μm.) No
signiﬁcant difference was observed between rd10;
Rip3
+/+ and rd10;Rip3
−/− mice.
Fig. 3. Rod photoreceptor cell death is mainly associated with apoptotic
morphology. (A–E) TEM photomicrographs in the ONL (A, B, and D) and in
the inner segment (C and E) at P21 of rd10;Rip3
+/+ (A–C) and rd10;Rip3
−/−
mice (D and E). A, apoptotic cell; N, necrotic cell. [Scale bars, 5 μm( A, B, and
D), 2 μm( C and E).] Apoptotic photoreceptor nuclei were frequently observed
in both rd10;Rip3
+/+ (A) and rd10;Rip3
−/− mice (D). Necrotic photoreceptor
cell death was rarely seen (B). The mitochondrial structure was well preserved
in both genotypes (C and E). (F) Quantiﬁcation of apoptotic and necrotic
photoreceptor cell death (n = 4 each). There was no signiﬁcant difference in
rod cell death morphology between rd10;Rip3
+/+ and rd10;Rip3
−/− mice. The
percentage of each cell death was shown on the right of bar.
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demonstrate that distinct cell death mechanisms are involved in
rod and cone degeneration, and suggest that RIP kinase may be
a potential therapeutic target to protecting cones in inherited
retinal degeneration.
Although the precise mechanisms by which RIP kinase induces
necrosis remain unknown, several studies have demonstrated ROS
overproduction as an important downstream event of RIP kinase
activation (46, 47). Activated RIP3 interacts with metabolic en-
zymes, such as glycogen phosphorylase and glutamate-ammonia li-
gase,andtherebyincreasesmitochondrialROSproduction(12).On
the other hand, RIP1 forms a complex with NADPH oxidase 1 and
TNF-R1–associated death domain and produces superoxide, which
in turn leads to induction of necrosis (41). In animal models of RP,
Campochiaro and colleagues have demonstrated that retinal oxi-
dative stress increases especially in the period of cone degeneration
and that antioxidant treatments delay cone cell death (28, 40).
However, the molecules that regulate ROS overproduction during
cone degeneration were not identiﬁed. In this study, we found that
Rip3 deﬁciency suppresses the increase of retinal oxidative damage
in rd10 mice, suggesting that RIP kinase is partly responsible for
ROS production in the phase of cone cell death.
Cell death and inﬂammation are interconnected (42). Dying
cells expose or release numerous molecules to attract scavenger
phagocytes; concomitantly, inﬂammation yields tissue damage
and consequent cell death. In this study, we showed that Rip3
deﬁciency reduced cone cell death and microglial activation in
the period of cone degeneration in rd10 mice. Although we
cannot conclude which cells—cones or microglial cells—are
primary targets of RIP3 inhibition, our time-course observation
demonstrated no alteration in microglial response during rod
degeneration in the presence or absence of RIP3, suggesting that
RIP3 inhibition may target cones and suppress microglial acti-
vation that would otherwise occur subsequent to cone cell ne-
crosis. This concept is supported by recent studies demonstrating
that RIP kinase inhibition prevents intestinal cell necrosis and
chronic inﬂammation induced by intestinal epithelium-speciﬁc
knockout of Fas-associated death domain or caspase-8 (17, 18).
However, as RIP3 is shown to directly activate inﬂammasome in
macrophages (48), we cannot exclude the possibility that RIP3
modulates microglial function. Further studies using cone- or
microglia-speciﬁc Rip3 knockouts will be required to better un-
derstand the precise mechanisms by which RIP3 mediates cone
necrosis and retinal inﬂammation in rd10 mice.
Punzo et al. (29) recently reported the changes in the insulin/
mammalian target of rapamycin pathway, which regulates cellular
metabolism and autophagy, during cone degeneration. Indeed,
our TEM analyses detected the formation of autophagic vacuoles
in swollen cone photoreceptors in rd10 mice (Fig. S4). These
ﬁndings are consistent with previous histological studies of post-
mortem RP patient eyes describing the presence of autophagic
vacuoles in remaining cones (43). Because excessive autophagy
leads to cell death in some circumstances (49), autophagy may
contribute to cone cell death in inherited retinal degeneration.
Conversely, autophagy plays a prosurvival role via turnover of
proteins, generation of nutrients, and elimination of damaged
organelles (50). Therefore, autophagy may be activated as a con-
sequence of necrotic disruption of organelles during cone de-
generation. This idea is supported by a previous study showing
Fig. 4. Rip3 deﬁciency decreases cone cell death and preserves cone function
in rd10 mice. (A and B) TUNEL staining (A) and quantiﬁcation of TUNEL-posi-
tive photoreceptors (B) at P35 of rd10;Rip3
+/+ and rd10;Rip3
−/− mice (n = 6
each). **P = 0.0062. GCL, ganglion cell layer; INL, inner nuclear layer; ONL,
outer nuclear layer. (Scale bar, 50 μm.) (C–F) PNA staining (C and E) and
quantiﬁcation of PNA-positive cone photoreceptors (D and F)a tP 4 2( C and D)
and P56 (E and F)o frd10;Rip3
+/+ and rd10;Rip3
−/− mice (n = 6 each). **P =
0.0039each.(Scalebars,50μm.)Rip3deﬁciencydecreasedconephotoreceptor
cell loss in rd10 mice. (G and H) Photopic ERG (G) and quantiﬁcation of b-wave
amplitude(H) atP42ofrd10;Rip3
+/+andrd10;Rip3
−/−mice (n = 12each). **P =
0.0022. The mean b-wave amplitude in rd10;Rip3
−/− mice was signiﬁcantly
higher than those of rd10;Rip3
+/+ mice.
Fig. 5. RIP1 kinase inhibitor Nec-1 suppresses cone degeneration in rd10
mice. (A and B) PNA staining (A) and quantiﬁcation of PNA-positive cone
photoreceptors (B) at P56 of rd10 mice. The Alzet osmotic pumps containing
Nec-1 (15 mg·kg·d, delivery for 28 d) or vehicle were implanted sub-
cutaneously at P28 (n = 8 and 6). **P < 0.01. (Scale bar, 50 μm.) (C and D)
Photopic ERG (C) and quantiﬁcation of b-wave amplitude (D) at P42 of rd10
mice treated with Nec-1 or vehicle (n = 10 each). **P < 0.01.
4o f6 | www.pnas.org/cgi/doi/10.1073/pnas.1206937109 Murakami et al.that autophagy is induced during RIP kinase-mediated necrosis
but is not critical for cell death (19). Deﬁning the roles of
autophagy in cone degeneration warrants further studies using
genetic approaches, such as conditional knockout of autophagy-
related genes in cone photoreceptors.
Whereas this study revealed an important role of RIP kinase
in cone cell death of rd10 mice, Rip3 deﬁciency did not affect rod
cell death even when combined with the pan-caspase inhibitor.
These results differ from our previous study of retinal de-
tachment models, which showed that Rip3 deﬁciency leads to rod
photoreceptor protection that is augmented by the pan-caspase
inhibitor (21). This discrepancy may be attributed to different
pathogenesis of retinal degeneration caused by genetic defects
versus loss of nutrients in cells with normal genome function.
Indeed, morphological features of rod cell death are different in
these two models: although rod cell death in rd10 mice is caused
mostly by apoptosis, both apoptosis and necrosis are inter-
mingled in retinal detachment (21, 51), supporting the idea that
different molecules may be involved in each condition. Although
rods undergo apoptosis in inherited retinal degeneration, pre-
vious studies have shown that caspase activation is not observed
in rd1 mice, which carry a viral insert and a nonsense mutation in
exon 7 of the Pde6β gene (23). Taken together with our results,
these data suggest that caspase and RIP kinase pathways may not
be essential for rod cell death in RP models caused by Pde6β
mutations. Interestingly, a recent study demonstrated a unique
caspase-independent pathway of rod cell death in rd1 mice, in
which increased histone deacetylase activity leads to an activa-
tion of poly(ADP ribose) polymerase (52). Further studies will
be needed to elucidate key molecules mediating rod cell death in
inherited retinal degeneration. However, it should also be noted,
that caspase inhibitors (zVAD and IDN), in contrast to necros-
tatins, have poor penetration through he blood-brain-barrier
when administered systemically. In contrast to the previous study
that the disease has a short time course and a single intravitreal
administration is sufﬁcient, this study required systemic month-
long administration of the drugs. Thus, the negative results of
this and other studies may be a technical one because of the
limited permeability of caspase inhibitors through the blood-
brain-barrier, leaving open the question of importance of caspase
inhibition in rod cell death prevention.
Although loss of rod photoreceptors leads to night blindness,
severe visual impairment is caused by the secondary death of
cones that are responsible for central visual acuity, color vision,
and loss of peripheral vision in patients with RP (1). Therefore,
interventions to prevent or delay cone cell death will be critical
to preserve the functional aspect of vision. Here, we demonstrate
that in contrast to apoptotic rod cell loss, a necrotic mechanism
involving RIP kinase is critical for induction of cone cell death in
a mouse model of RP. In addition, pharmacologic or genetic
inhibition of RIP kinase substantially prevents cone cell death
Fig. 6. Necrotic morphology of cone photoreceptor cell death in rd10 mice.
(A–F) TEM photomicrographs in the ONL and inner segment at P35 of rd10;
Rip3
+/+ (A–C) and rd10;Rip3
−/− (D–F) mice. A, apoptotic cell; N, necrotic cell.
Arrow: cytoplasmic swelling of the inner segment. [Scale bar, 5 μm( A, B, D
and E), 2 μm( C and F).] Cytoplasmic swelling of the inner segment and
plasma membrane rupture were observed in rd10;Rip3
+/+ mice. The swelling
of the cytoplasm and mitochondria was decreased in rd10;Rip3
−/− mice. (G)
Quantiﬁcation of apoptotic and necrotic photoreceptor cell death (rd10;
Rip3
+/+ mice: n = 5a n drd10;Rip3
-/− mice: n = 6). The appearance of necrotic
photoreceptors was signiﬁcantly decreased in rd10;Rip3
−/− mice (P < 0.05).
The percentage of each cell death was shown on the right of bar.
Fig. 7. Effect of RIP kinase on microglial activation during rod and cone cell
death. (A–I) Immunoﬂuorescence for Iba-1 (A, B, D, E, G, H, J, and K)a n d
quantiﬁcation of Iba-1
+ microglia (C, F, I, and L)i nW T( A), Rip3
−/− (B), P25
rd10;Rip3
+/+ (D), P25 rd10;Rip3
−/− (E), P42 rd10;Rip3
+/+ (G), P42 rd10;Rip3
−/−
(H), P56 rd10;Rip3
+/+ (J), and P56 rd10;Rip3
−/− (K) mice (n = 6 each). *P < 0.05;
NS, not signiﬁcant. Whereas no difference in microglial activation was ob-
served between P25 rd10;Rip3
+/+ and rd10;Rip3
−/− mouse retinas (F), micro-
glial inﬁltration was signiﬁcantly reduced in rd10;Rip3
−/− retinas compared
with rd10;Rip3
+/+ retinas at both P42 and P56 (I and L). (Scale bar, 50 μm.)
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Sand preserves their function, suggesting that RIP kinase may be
a potential therapeutic target for patients with RP.
Materials and Methods
Animals. All animal experiments adhered to the statement of the Association
for Research in Vision and Opthalmology. Protocols were approved by the
AnimalCareCommitteeoftheMassachusettsEyeandEarInﬁrmary.Rd10and
WT C57BL/6 mice were purchased from The Jackson Laboratories. Rip3
−/−
mice were provided by Vishva M. Dixit (Genentech, San Francisco, CA) and
backcrossed to C57BL/6 mice (33). Rd10 mice were crossed with Rip3
−/− mice,
and the littermates from rd10;Rip3
+/− males and rd10;Rip3
+/− females were
used for the experiments.
Nec-1 and the Pan-Caspase Inhibitor Treatment. Nec-1 was purchased from
Sigma-Aldrich. Thepan-caspaseinhibitorIDN-6556was preparedas previously
described (53). To analyze the effects on rod cell death, the Alzet osmotic
pumps (Model 1007D, duration 7 d) containing IDN-6556 (10 mg·kg·d), Nec-1
(15 mg·kg·d) plus IDN-6556 (10 mg·kg·d), or vehicle [50% (vol/vol) DMSO,
50% (vol/vol) PEG 400] were implanted subcutaneously at P21 of rd10 mice.
The effects of Nec-1 on cone cell death were examined by implantation of
the Alzet osmotic pumps (Model 1004, duration 28 d) containing Nec-1 (15
mg·kg·d) or vehicle (50% DMSO, 50% PEG 400) at P28 of rd10 mice.
Statistical Analysis. All values were expressed as the mean ± SEM. Statistical
differences between two groups were analyzed by Mann–Whitney U test.
Multiple group comparison was performed by ANOVA followed by Tukey–
Kramer adjustments. Differences were considered signiﬁcant at P < 0.05.
A detailed description of the methods is provided in SI Materials and
Methods.
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SI Materials and Methods
Animal Genotyping. Rd10 mutation in exon 13 of the Pde6β gene
[CGC (Arg) → TGC (Cys)] was identiﬁed by PCR using the for-
ward primer 5′-TCTCAGAACCCACATGTACT-3′ and reverse
primer 5′-TGATTCATCTAGCCCATCC-3′ and subsequent di-
rect sequencing. The receptor-interacting protein 3 (Rip3)g e n o -
typeswereanalyzedbyPCRusingpreviouslydescribedprimers(1).
RNA Extraction, RT-PCR, and Quantitative Real-Time PCR. Total RNA
extraction and reverse transcription were performed as previously
reported (2). A real-time PCR assay was performed with Prism
7700 Sequence Detection System (Applied Biosystems). Taq-
Man Gene Expression assays were used to check the expression
of RIP3 (Mm00444947_m1) and RIP1 (Mm00436354_m1). For
relative comparison of each gene, we analyzed the Ct value of
real-time PCR data with the ΔΔCt method normalizing by an
endogenous control (β-actin; Mm00607939_s1).
Western Blotting. The retinas of mice were collected and lysed in
lysis buffer [50 mM Tris-HCl (pH 8), 120 mM NaCl and 1%
Nonidet P-40, supplemented with a mixture of protein inhibitors
(Roche Diagnostics)]. Samples were run on 4–12% SDS-PAGE
and transferred onto PVDF membrane. After blocking with
blocking buffer (Thermo Scientiﬁc), the membrane was reacted
with RIP3 (1:10,000; Sigma) or RIP1 (1:2,000; BD Biosciences)
antibody. They were then developed with enhanced chem-
iluminescence. Lane-loading differences were normalized by
β-tubulin (1:1,000; Cell Signaling).
Iba-1 Staining. The neuroretinas were blocked with 3% nonfat
dried milk and 0.3% triton X in PBS for 1 h, and incubated
with anti–Iba-1 antibody (1:300; Wako) at 4 °C overnight. Anti-
rabbit Alexa Fluor 488 (Invitrogen) was used as a secondary
antibody. The neuroretinas were examined by Leica SP2 con-
focal microscopy.
ELISA. The amount of carbonyl adducts of proteins in retinal
extract were determined with ELISA kits for protein carbonyls
(Cell Biolabs) according to the manufacturer’s instructions.
Electroretinogram. Photopic electroretinogram (ERG) was recor-
ded using an Ocuscience HMsERG (Rolla, MO). Mice were
anesthetized with an intrperitoneal injection of ketamine (100 mg/
kg) and xylazine (10 mg/kg), pupils were dilated with 0.5% tro-
picamide and 0.5% phenylephrine hydrochloride, and the cornea
was locally anesthetized with oxbuprocaine application. Body
temperature was maintained at 37 °C with a heating pad. Silver-
embedded thread eye electrodes were positioned across the apex
of each cornea and held in place with 2.0% methylcellulose and
optically clear mini-contact lens. Stainless steel needle reference
electrodes were placed subcutaneously into the forehead, and
a ground electrode was inserted into the base of the tail. Mice
were adapted for 10 min to a background of white light at an
intensity of 30 cd/m
2. Thirty-two photopic ﬂashes were taken at
2c d ·s/m
2 and averaged.
Transmission Electron Microscopy. The eyes were enucleated, and
the posterior segments were ﬁxed in 2.5% glutaraldehyde and 2%
paraformaldehyde in 0.1 M cacodylate buffer with 0.08 M CaCl2
at 4 °C. The sections of retinas, retinal pigment epithelium, and
choroid complexes were postﬁxed for 1.5 h in 2% aqueous OsO4,
dehydrated in ethanol and water, and embedded in EPON. Ul-
trathin sections were cut from blocks and stained with saturated
aqueous uranyl acetate and Sato’s lead stain. The specimens were
observed with Philips CM10 electron microscope. Over 200 pho-
toreceptors per eye were photographed and subjected to quanti-
ﬁcation of cell-death modes in a masked fashion. Photoreceptors
showingcellular shrinkageandnuclearcondensationwere deﬁned
as apoptotic cells; photoreceptors associated with cellular and
organelle swelling and discontinuities in plasma and nuclear
membrane were deﬁned as necrotic cells. Electron-densegranular
materials were labeled simply as end-stage cell death/unclassiﬁed,
because these materials are reported to occur subsequent to both
apoptotic and necrotic cell death (3, 4).
Autophagosomes/autolysosomes were deﬁned as membrane-
bound compartments that contain cytoplasmic material or
organelles, as previously described (5). Autophagosome was
deﬁned as a double- or multimembraned sturucture containing
undigested cytoplasmic contents. Autolysosome contained de-
graded cytoplasmic material with increased electron density.
Peanut Agglutinin Staining. Eyes were enucleated and ﬁxed in 4%
PFA for 1 h. After washing with PBS, the neuroretinas were dis-
sected,wereblockedwith10%nonfatdriedmilkand0.3%tritonX
in PBS for 1 h, and were incubated with FITC-conjugated peanut
agglutinin (PNA) (1:100; Sigma-Aldrich) at 4 °C overnight. The
neuroretinas were examined with a Zeiss Observer.Z1 micro-
scope. The number of cones was determined as previously de-
scribed(6).Theretinalareasof0.12mm
2located0.5mmsuperior,
inferior, temporal, and nasal to the center of the optic nerve were
photographed, and the number of PNA-positive cells in the four
regions were counted using ImageJ software and averaged.
TUNELStaining.TUNEL procedure and quantiﬁcation of TUNEL-
positive cells were performed using an ApopTag Fluorescein
Direct in Situ Apoptosis Detection Kit (Millipore) according to
the instructions of the manufacturer. Five sections were randomly
selected in each eye. The midperipheral retinas in the nasal and
temporal hemisphere were photographed, and the number of
TUNEL-positive cells in the outer nuclear layer (ONL) was
counted by masked observers. The retinal area was measured by
ImageJ software.Thedata areexpressed asTUNEL-positive cells
per square millimeter of retinal area.
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Murakami et al. www.pnas.org/cgi/content/short/1206937109 1o f3Fig. S1. Combined treatment with RIP kinase inhibition and the pan-caspase inhibitor does not affect rod degeneration in rd10 mice. (A and B) Retinal histology
(A) and quantiﬁcation of ONL thickness (B) at postnatal day 28 (P28) of rd10;Rip3
−/− mice treated with vehicle or the pan-caspase inhibitor IDN-6556 (n = 5 each).
(Scale bar, 50 μm.) Rd10;Rip3
−/− mice received subcutaneous implantation of the Alzet osmotic pump containing IDN-6556 (10 mg·kg·d, delivery for 7 d) or
vehicle at p21. No signiﬁcant difference in rod cell loss was observed by treatment with the pan-caspase inhibitor. (C and D) Retinal histology (C) and quan-
tiﬁcation of ONL thickness (D) at P28 of rd10 mice treated with vehicle or necrostatin-1 (Nec-1) plus IDN-6556 (n = 8 each). (Scale bar, 50 μm.) Rd10 mice received
subcutaneous implantation of the Alzet osmotic pump containing Nec-1 (15 mg·kg·d) plus IDN-6556 (10 mg·kg·d) or vehicle at p21. There was no signiﬁcant
difference in rod cell loss between treatment with vehicle and Nec-1 plus IDN-6556.
Fig. S2. Cone photoreceptor density in the phase of rod degeneration. PNA staining (A) and quantiﬁcation of PNA-positive cone photoreceptors (B)a tP 2 1o f
rd10;Rip3
+/+ and rd10;Rip3
−/− mice. The retinas of WT and Rip3
−/− mice were used as a control (n = 4 each). (Scale bar, 50 μm.) No signiﬁcant difference in cone
cell density was observed at this time point.
Murakami et al. www.pnas.org/cgi/content/short/1206937109 2o f3Fig. S3. RIP3 regulates retinal oxidative damage in rd10 mice. ELISA to detect carbonyl contents in the retinas of P35 rd10;Rip3
+/+ and rd10;Rip3
−/− mice (n =8
each). The retinas of WT and Rip3
−/− mice were used as controls (n = 7 and 8). *P < 0.05; **P < 0.01. Rip3 deﬁciency reduced the increase of retinal oxidative
damage in rd10 mice.
Fig. S4. Autophagy formation in the phase of cone cell death in rd10 mice. Transmission electron microscopy photomicrographs in the ONL and inner
segment in P35 rd10 mouse retinas. Autophagosome (arrow) and autolysosomes (arrowhead) were frequently observed in the swollen cone photoreceptor
cytoplasm. Some mitochondria were swollen and disrupted (white arrowhead). [Scale bar, 2 μm( A), 1 μm( B and C).]
Murakami et al. www.pnas.org/cgi/content/short/1206937109 3o f3